Wedge-cut samples of fatigued ferroelectric lead zirconate titanate ceramics were investigated using piezoresponse force microscopy in conjunction with conventional electrical hysteresis measurements. The local clamping of domains is monitored at different depths in the sample. The coercive fields in grains near the electrodes differ for different materials and preparation methods of the electrodes. For silver, fatigue consistently generates a space charge in the depth of the sample. For platinum electrodes, the fatigue behavior scatters strongly. Microscopically, it either occurs directly underneath the electrodes or resembles the behavior of the silver electrodes in other samples.
I. INTRODUCTION
Fatigue in ferroelectric materials has been a continuous concern in actuators [1] [2] [3] [4] [5] [6] [7] as well as thin film devices. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Due to the large market shares anticipated in fuel injection systems and continuous development of ferroelectric memories, a good understanding of the underlying effects remains an important issue to be solved as underlined by the large number of publications already devoted to this subject. Overall, fatigue yields a loss of switchable polarization and certain offsets irrespective of device geometry. 4, 16 It depends on the loading conditions and the particular ferroelectric and electrode materials whether offsets 2, 4, 7, 21 or the loss of switchable polarization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] is more pronounced. The former is most common for unipolar loading in actuators, the latter in bipolar fatigued films. 16 Often both effects arise simultaneously to different extent. Potential mechanisms that have been considered during the last two decades are microcracking, 2, 22 oxygen vacancy clustering at electrodes, 23 defect cluster growth, 24 suppression of domain nucleation at the electrode interface, 25 charge carrier drift, [26] [27] [28] breakdown, 28 charge carrier injection, 17, 29 depletion regions in the electrodes, 30 injection of protons during processing, 31 ionization of foreign dopants, 32 or ionization even of the host ions. 14 The role of grain boundaries is yet unclear. [33] [34] [35] The dominant role of the electrode interface is by now well established for thin films under bipolar loading as used in memory applications. [36] [37] [38] While ferroelectrics of the bismuth-layered perovskite family of compounds seem to withstand fatigue irrespective of the electrode chosen, 39, 40 actuators still have to rely on the lead zirconate titanate ͑PZT͒ system due to the negligibly low strains provided by the bismuth-layered compounds. PZT shows offsets and strongly reduced switching under bipolar loading and offsets due to unipolar or sesquipolar fatigue. 2, 7, 41, 42 Oxide electrodes of RuO 2−x , YBa 2 Cu 3 O 7 , or IrO x ͑Refs. 43-45͒ have proven to sufficiently reduce the fatigue effects in PZT thin films under bipolar loading so that memory applications have become feasible for bipolar cycling exceeding 10 11 cycles. 46, 47 Commercial versions of ferroelectric memory devices show sufficient fatigue resistance even for metallic platinum electrodes if iridium oxide is used as a buffer. 48 Despite the many different approaches to explaining the fatigue effect in ferroelectrics, it is still not fully clear which microscopic mechanisms are responsible for the deficiencies of metallic electrodes nor why the improvements have become possible for the Pt-PZT combination of electrode and ferroelectric incorporating Ir.
The present publication is devoted to the study of the near electrode region of bulk ferroelectrics with metal electrodes subject to bipolar fatigue loading. It is intended to improve the understanding of the switching dynamics of the domains in bulk lead zirconate titanate on the microscopic level by utilizing piezoresponse force microscopy ͑PFM͒ as an imaging technique. The advantage of using bulk samples resides in the fact that electrodes can be applied in a nonreducing environment which is otherwise common practice for the application of Pt electrodes to thin films and may be responsible for some of the difficulties encountered in thin film fatigue due to protons. Bulk switching is displayed for comparison.
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II. EXPERIMENTAL PROCEDURE
All measurements were performed on commercial PZT samples ͑PIC 151͒ which were obtained from PI Ceramics ͑Lederhose, Germany͒. The composition is approximately a͒ Pb 0.99 ͓Zr 0.45 Ti 0.47 ͑Ni 0.33 Sb 0.67 ͒ 0.08 ͔O 3 . The samples were disk shaped with a diameter of 10 mm and a thickness of 1 mm. The average grain size was about 6 m.
A. Fatigue procedure
The samples were polished using diamond pastes of 15, 6, and 3 m down to 1 m grid size utilizing an alcohol based lubricating fluid ͑DP-Lubricant Blue®͒ before the electrodes were sputtered. The 50 nm thick layers of Ag or Pt were deposited at room temperature using a standard sputtering method at an argon pressure of 0.05 mbar ͑Sputter Coater SCD 050, Balzers, Germany͒. We additionally applied silver paste ͑Conrad Electronic GmbH, Germany͒ that was air dried at room temperature on top of the sputtered Pt electrodes in order to protect the thin electrodes from scratching during fatigue. Air dried silver paste did not adhere to the sputtered silver and fired pastes had to be used ͑Gwent Electronic Materials Ltd., UK, 400°C͒. Unfortunately, the fired silver paste strongly corroded the sputtered Pt electrodes, and this combination could not be used even though it would have provided a better comparability of the data between both sputtered electrode types.
The samples were fatigued under bipolar sinusoidal electric fields of amplitude 2 kV/ mm ͑Ϸ2E c ͒ at 50 Hz. After different cycle numbers, the fatigue treatment was interrupted and polarization P and strain S were measured in a separate setup. For the measurement of polarization, the samples were connected to a Sawyer-Tower circuit using a test capacitor of 15 F. Strain was measured simultaneously by an optical displacement sensor. Polarization and strain hysteresis loops were measured as a function of a dc voltage superimposed on a weak ac voltage ͑amplitude of 5 V / mm and frequency of 1 kHz͒. The dc voltage was incremented in steps of 100 V / mm until the maximum or minimum fields of ±2 kV/ mm were reached. The dc step hold time was 1 s. d 33 was measured from the optical sensor output using a lock-in amplifier ͑Stanford Research Systems 830͒.
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B. PFM measurements
After fatigue, the wedge-cut samples were prepared for the PFM measurements. 51 They were embedded in epoxy resin, mounted at a tilt angle of about 10°͑Ref. 52͒ ͑see Fig.  1͒ , ground, and polished. The advantage of preparing such a wedge is that the sample interior becomes accessible for PFM testing at all depths. PFM measurements are limited to a thin surface layer, the thickness of which depends on the experimental conditions and can vary from tens to a few hundred nanometers ͑Fig. 1͒. As the vertical component of the PFM signal is analyzed, the small angle furthermore permits measurement of the polarization distribution along the direction of the initially applied fatigue field direction to 98% ͓=cos͑10°͔͒. Due to macroscopic polarization and strain measurements after the fatigue procedure, all samples were in the poled state when embedded in the epoxy resin. The subsequent measurements confirmed that polishing did not alter this polarization state. 53 The poling direction was consistently pointing into the sample ͑down in Fig. 1͒ . Again diamond pastes were used as polishing agent ͑15, 6, 3, 1, and 0.25 m͒ with a final polishing step using Masterpolish® ͑Buehler͒. The samples were then etched in phosphoric acid for 20 s in order to display the grain boundaries.
The PFM measurements were performed using a commercial scanning probe microscope ͑Park Scientific Instruments Autoprobe CP-R͒. Details of the PFM imaging principles can be found elsewhere. 54 A commercial Pt-coated silicon cantilever of spring constant k =40 N/m and a tip radius of less than 30 nm was used. The domains were displayed using an applied ac voltage of 3 V at a frequency of 12 kHz which is far from the resonance frequency of the cantilever. The voltage of 3 V was chosen well beneath the limit where nucleation of new domains may occur underneath a PFM tip. 55 The contact force between tip and sample was 25 nN. The domain structure was visualized in areas of 20ϫ 20 m 2 . The line scanning frequency was 0.5 Hz. To observe the switching behavior of the samples, a 10 ϫ 10 m 2 region within the 20ϫ 20 m 2 area was poled in steps by scanning the region with increasing dc voltages applied to the probing tip until the entire region was poled ͑poling scanning rate= 2 Hz͒. After each poling step, the resulting domain configuration was imaged again and the amount of switched area was determined using image analysis software. These finite area switching experiments were performed in the wedge regions close to the bottom electrode where the ferroelectric layer was thinner than the average grain size. This allowed us to exclude the effect of grain boundaries aligned parallel to the electrode on domain imaging. In order to assess the effect of spontaneous backswitching after poling, some scans were performed under simultaneously applied poling dc and imaging ac voltages. The poling scanning rate was 0.5 Hz like for imaging. These experiments were performed on near electrode and bulk sections ͑Fig. 1͒. The local sample thickness was determined from the position of the tip on the wedge and the tilt angle.
III. EXPERIMENTAL RESULTS
A. Fatigue behavior
The general fatigue behavior of PIC 151 is illustrated by the macroscopic hysteresis loops for the two types of electrodes in Fig. 2 . Ag electrodes yield a fairly good fatigue resistance compared to Pt electrodes on the same material. 11% loss of the initial polarization is observed within 3 ϫ 10such as silver, others a strong degradation of 2P r after 10 5 cycles ͑Fig. 2, right column͒. The case of strongest reduction of 2P r is shown in Fig. 3 as a function of cycle number and compared to silver electrodes. As the macroscopic fatigue behavior consistently changed with the microscopic domain dynamics, we chose the most severely damaged case of Pt samples in order to best show the effects of fatigue. The patterns of other samples in between both lines were omitted for clarity.
B. Silver electrodes
In Fig. 4 , the PFM phase and amplitude images are shown for a poled unfatigued, a semifatigued ͑3 ϫ 10 5 cycles͒, and a strongly fatigued ͑3 ϫ 10 7 ͒ PZT/Ag sample. Note that all samples have been subjected to a high poling field during the macroscopic measurements prior to sample preparation for the PFM study. The virgin samples exhibit almost uniform PFM phase contrast and little variations in the PFM amplitude image, Fig. 4 , which is an indication of complete domain switching in one direction. An increasing number of domains not aligned in poling direction appearing as dark regions in the phase images can be seen in the semifatigued and strongly fatigued samples. For the strongly fatigued sample, around 50% of the scanned area appears dark, varying somewhat from location to location.
The domains not aligned in poling direction can be switched by scanning the area with a voltage of 15 V dc applied to the PFM tip. Starting from the initial domain images in Fig. 4 , finite area switching experiments were conducted for the unfatigued, semifatigued, and strongly fatigued samples under reversing voltage. In Fig. 5͑a͒ Despite the large difference in probed volumes 56 for the finite area switching with the PFM tip and the macroscopic hysteresis loops, the features for local and macroscopic measurements are similar. The distribution of E c is broader for the strongly fatigued samples in comparison with the unfatigued and semifatigued ones. The switched polarization is also lower for the fatigued sample. The dark areas in Fig. 4 for the fatigued samples can be switched by applying 15 V dc to the PFM tip. We repeated the finite area switching for the fatigued sample after complete poling with 15 V on the whole observed area. A comparison of the switched area between the fatigued and the unfatigued samples is shown in Fig. 6 . Due to the renewed local poling of the fatigued sample, the finite area switching at U = 0 V starts from approximately the same poling state. The broader distribution of the coercive fields in the fatigued sample is still visible. The inflection points for both curves are at −6.5 V.
In regions of larger sample thickness ͑farther from the PZT/electrode border on the wedge͒, a strong backswitching effect is seen for fatigued samples ͑Fig. 7͒. At a thickness of approximately 300 m, dark and bright domains are seen ͑a͒. During poling at 50 V dc plus 3 V ac, the phase image exhibits a bright contrast ͑b͒. After this poling treatment, the same phase image is seen as the initial one before poling ͑c͒. Nearly the entire area thus switches back into its original configuration.
The amount of backswitched area after applying 50 V was compared for the unfatigued and the fatigued samples with Ag electrodes at different sample thicknesses ͑Fig. 8͒.
There is no significant backswitching effect in thin sections of the fatigued sample ͑up to 200 m͒. It increases for larger sample thicknesses. In regions thicker than 400 m the poled area switches back completely. Backswitching is not due to sample preparation but to fatigue itself, because unfatigued samples show no backswitching whatsoever.
C. Platinum electrodes
In order to test the influence of a different electrode material of considerably different work function, all measurements were repeated for the PZT samples with sputtered Pt electrodes. In the top part of Fig. 9 the initial phase and amplitude images are seen in a region with less than one grain in thickness for a strongly fatigued ͑3 ϫ PZT/Pt sample. As in the case of the PZT/Ag sample, we see some nonpoled regions. In this case 24% of the area is not aligned in poling direction which is less than for Ag electrodes.
At the bottom of Fig. 9 , finite area switching for the unfatigued PZT/Pt sample is compared with the strongly fatigued one. No big differences arise. The inflection points of the curves are at −13 V which is twice as high as for the samples with Ag electrodes. Some samples with Pt electrodes do not exhibit as high field values at the inflection point as the one shown, while all PZT/Ag samples show practically identical field values. Backswitching after fatigue for thicker sample regions is not a strong effect for samples with Pt electrodes in contrast to the Ag electrodes ͑Fig. 10͒. The higher the coercive field observed in the thin near electrode region, the stronger the fatigue effect in these samples. Both effects are thus correlated.
For some Pt electrodes we observed many microcracks along the grain boundaries in the fatigued sample during finite area switching measurements. A three-dimensional ͑3D͒ image of the surface topography in the near electrode region is shown in Fig. 11 . In the case of Ag electrodes, no microcracking was observed.
IV. DISCUSSION
It has been suggested previously that a strong contribution to the degradation of switchable polarization in thin films arises due to charge entrapment and domain pinning in the near electrode region. 15, 18, 57, 58 As we showed previously, this is also true for bulk ferroelectrics. 59, 60 In this paper, we chose samples with silver and platinum electrodes with the intent of having large differences in work functions of the metal electrodes and in order to test their relative effect on fatigue in a bulk material. 1 Our measurements exhibit a significant difference in fatigue behavior between Pt and Ag electrodes. Certain samples with Pt electrodes exhibit a strong fatigue effect which is mainly due to microcracking in the near electrode region. Microcracking has been observed to occur in all cases where mechanical stresses are high such as in the vicinity of electrode edges from where microcrack clouds start growing. 22 Here, the formation of microcracks is due to the broad distribution of local coercive fields underneath the electrodes for these particular electrodes, as displayed by the finite area switching analysis. A significant difference in local coercive fields E c leads to sequential switching of neighboring grains. When adjacent grains switch at different fields, mechanical stresses arise along the grain boundaries due to strain mismatch in between grains. 61 Potentially, the first inversion cycle is capable of initiating first microcracks. If the immediate mechanical neighborhood of a grain changes due to such an initial microcrack, the switching characteristics of the adjacent grains further change and mechanical mismatch increasingly drives further microcrack formation. 62 Subsequently, the low dielectric constant in the microcracks in the near electrode volume entails field screening in the sample bulk and thus shields this volume from further fatigue. The different fatigue behavior for PZT/Pt and PZT/Ag samples can be explained by the local distribution of coercive fields E c in the first layer of grains underneath the electrodes. The distribution of coercive fields itself is rather not affected by fatigue but is determined by the sputtering conditions of the electrodes. Apparently, the differences of the defect structure of the electrodes induced during sputtering are strong for Pt and not apparent for Ag. The latter shows a much more reproducible field value at the inflection point and a very reproducible fatigue pattern. This may also be due to better adhesion as a result of electrode firing in the silver case.
In the case of the PZT/Ag samples no field screening arises underneath the electrodes and fatigue takes place in the entire sample volume. In this case spontaneous backswitching develops after turning off the poling voltage. A simple microscopic mechanism that explains this backswitching effect is illustrated in Fig. 12 and described below.
We assume that fatigue leads to the gradual formation of charged grain boundaries ͑see, e.g., Shimada in Ref. 34͒ due to the entrapment of free charges. As a result a grain assumes a preferred polarization orientation. This in turn changes the state of bound charges at the next grain boundaries and entails a preferred polarization orientation in the next layer of grains and so on leading to a columnar preferential polarization orientation in the grains throughout the sample thickness ͑gray grains in Fig. 12͒ . This cascading is very similar to the common switching process during polarization reversal.
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The grains on the surface are still switchable in this state of the sample. The field generated by the PFM tip only acts locally at the surface and does not reach the grains lying deeper in the bulk. Polarization reversal thus only occurs locally. As soon as the external field is turned off, the charges and the grains deeper in the bulk switch the upper grains back. We tried to fully switch a region ͑sample thickness of 300 m͒ in a fatigued sample with Ag electrodes at +50 V applied to the PFM tip. The resulting PFM phase image measured after poling ͑Fig. 7͒ should display a completely bright contrast due to the polarization vector pointing down. But a domain pattern similar to the original one was observed after poling which indicates that backswitching occurred in some regions ͓Fig. 13͑a͔͒. On the other hand, after poling by the tip under −50 V bias, a homogeneous dark phase image is displayed ͓Fig. 13͑b͔͒. Thus, only dark areas switch back and the polarization vector "up" is the obviously preferred orientation. The defects in the bulk must be of positive sign accordingly. With increasing sample thickness the charged grain boundaries become visible underneath the scanned region with a higher probability. This yields the observed thickness dependence of the backswitching area. The line of arguments on the localization of free charges at the grain boundaries is given here for simplicity. Even though there is no doubt about the existence of charges, there is yet no experimental evidence that they are located at the grain boundaries even though the finite mismatch of spontaneous polarization and the known differences in switching near the grain boundaries 35 makes this a likely location. Surprisingly, the same polarity seems to be consistently found during electrical measurements of PZT for thin films. 63, 64 Do et al. 63 investigated fatigue in PZT films ͑80 and 160 nm thick͒ by x-ray diffraction ͑XRD͒ reflection intensity measurements and Gruverman et al. 64 studied the imprint behavior in small PZT capacitors. In both cases domain pinning arises in an orientation that corresponds to a positively charged back electrode which is the same orientation as in our experiment. The same polarity was also found without fatigue in samples that only possess a Pt back electrode and where no top electrode had ever been applied. 65 Unfortunately, this knowledge still does not allow to discern whether the defects underneath the electrodes are really oxygen vacancies, 23 protons, or electronic in nature. 66 In the case of our samples, the sputtering conditions are moderately reducing at only 0.05 mbar which is far from common partial pressures during thin film preparation. As we observe a spread in coercive fields for platinum but not for silver, sputtering of the latter and subsequent annealing must afford the formation of a homogeneous stable interface to the ferroelectric. As there is no apparent difference in the preparation of different platinum electrodes, its deposition must be very sensitive to the sputtering conditions. A detailed investigation of such effects will require a well calibrated sputtering device. If a purely electronic interface scenario is responsible for the differences in fatigue behavior, the effective Schottky barrier must be significantly modified by different sputtering conditions in the case of platinum. Irrespective of these differences, the domain nucleation limited fatigue model by Du and Chen can explain the strong influence of the electrodes on the initial fatigue of our samples. 67 At a later stage, effects deep in the sample arise for silver electrodes which do not directly influence domain nucleation. As the length scales in our study are three orders of magnitude larger than in the thin films, the same polarity of the free charges deep in the bulk can be accidental.
The quality and homogeneity of the electrode is also relevant for silver. For fired silver electrodes containing a glass binder on nonpolished surfaces of the ferroelectric, we previously observed that backswitching neither arises at a depth of 50 m nor at 100 m in bipolar fatigued bulk samples. 68 We know that these samples degrade significantly in the electrode vicinity 69 and the density of trapped charges deep in the bulk does not build up sufficiently during fatigue to induce backswitching. Overall the major fatigue effect in these samples also occurs underneath the electrodes due to the microscopic heterogeneity of the interface between the electrode and the ferroelectric. In the very thin sample region ͑less than one grain in thickness͒, a higher amount of lightly pinned domains was observed for the fatigued sample with Ag electrodes. The domains can be switched easily by applying a dc voltage of 15 V and are not pinned like it is found in thin films and assumed in some models to explain fatigue. 19, 70, 71 Fatigue thus induces pinning of different strengths, but total clamping of the domains must be due to a very high defect density in thin films.
V. CONCLUSION
In the present study different fatigue behaviors for PZT bulk samples with different types of electrodes have been observed. A broad distribution of coercive fields is observed for PZT/Pt. In certain samples a large number of microcracks develop. These microcracks affect the internal electric field distribution, effectively screening the applied electric field and protecting the remainder of the sample bulk from further FIG. 13 . Phase image of domains in PZT with Ag electrodes ͑fatigued sample͒ at a thickness of about 300 m after scanning with ͑a͒ +50 V applied to PFM tip ͓see Fig. 6͑c͔͒ and ͑b͒ −50 V. fatigue. In the case of PZT/Ag samples no microcracks have been observed and fatigue takes place in the entire volume of the sample. In this case, internal charged defects ͑presumably charged grain boundaries͒ of positive sign are generated which lead to the development of preferential polarization orientation ͑imprint͒.
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